Numerous types of DNA variation exist, ranging from SNPs to larger structural alterations such as copy number variants (CNVs) and inversions. Alignment of DNA sequence from different sources has been used to identify SNPs 1,2 and intermediate-sized variants (ISVs) 3 . However, only a small proportion of total heterogeneity is characterized, and little is known of the characteristics of most smaller-sized (o50 kb) variants. Here we show that genome assembly comparison is a robust approach for identification of all classes of genetic variation. Through comparison of two human assemblies (Celera's R27c compilation and the Build 35 reference sequence), we identified megabases of sequence (in the form of 13,534 putative non-SNP events) that were absent, inverted or polymorphic in one assembly. Database comparison and laboratory experimentation further demonstrated overlap or validation for 240 variable regions and confirmed 41.5 million SNPs. Some differences were simple insertions and deletions, but in regions containing CNVs, segmental duplication and repetitive DNA, they were more complex. Our results uncover substantial undescribed variation in humans, highlighting the need for comprehensive annotation strategies to fully interpret genome scanning and personalized sequencing projects.
The most sensitive method for identifying all variation existing between two DNA donors is through direct comparison of accurately completed sequence assemblies of the genomes under study. For the human genome, there are two assembly products, one from the International Human Genome Sequencing Consortium (IHGSC) 4 and another from Celera Genomics 5 , which used primarily clonebased sequencing and whole-genome shotgun sequencing, respectively. Although these assemblies have been evaluated for content and quality [6] [7] [8] [9] [10] , little effort has been made to make use of their differences to annotate new sequence variants.
As both assemblies represent mosaics of different donor DNA sources (with neither being fully completed), they are not the ideal substrate for comparison, but we show that much valuable data can be extracted. Our premise was to perform a thorough comparison between Celera's most complete assembly and the IHGSC reference sequence, herein called R27c (WGA2) and National Center for Biotechnology Information (NCBI) Build 35, respectively. R27c contains 2,830,275,312 bp in 14,071 scaffolds, and Build 35 contains 3,094,710,260 bp with an estimated 345 annotated gaps.
Although R27c contains some Build 35 sequences 8 , for this study we selected it over other Celera-only whole-genome shotgun assemblies (Build 35 also contains some Celera sequence). We rationalized that larger scaffolds would increase the likelihood of finding variants that might be missed using methods more sensitive to size restrictions, such as comparative genomic hybridization using arrays spotted with BAC clones (which has a lower limit of detection of B50 kb) 11 or fosmid-end sequencing (which, in current form, does not identify variants o8 kb or insertions 440 kb) 3 . As Build 35 is the human reference and has a higher nucleotide content than R27c, we focus our discussion on the sequences present or variable when comparing R27c with Build 35, but we also performed the reciprocal analysis.
We used MegaBLAST 12 to align R27c to Build 35 and found 2,758,752,087 bp (97.5%) of matching sequence. We also used another alignment algorithm called A2Amapper 8, 13 (Table 1 and Supplementary Table 1 ). Then using the newly developed Genome Comparison Algorithm (GCA), we extracted variants between the assembly alignments. To reduce the potential for false positives owing to alignment errors, we describe only those differences found by GCA in both the MegaBLAST and A2Amapper comparisons ( Table 2) . We grouped these differences into five classes: (i) small sequence mismatches (including SNPs), (ii) unmatched sequences (including insertions, deletions and CNVs), (iii) copy-unmatched sequences (a subset of ii), (iv) inversions and (v) internal assembly gaps ( Fig. 1 and Supplementary Tables 2-4). Any difference detected could represent actual difference between the DNA sources, an assembly artifact (computational or clone-induced) or alignment error.
In the first class of small sequence changes, we identified 1,613,458 nucleotides; 1,591,291 (98.6%) of these represented single-nucleotide differences, and the remainder (22,167 bp) represented other small changes r10 bp in size.
In the second class, we found 13,066 regions totaling 23,859,805 bp of unmatched sequence (average size was 1,826 bp; Supplementary Table 4) . We used stringent filtering criteria to obtain this data set of putative insertion and deletion variants. In addition to removing regions lacking support from both alignment tools and all regions shorter than 50 bp, we also removed regions with a repeat content 495% and sequences that could be realigned to Build 35 using BLAT 14 (with 498% match, 450% coverage). Putative insertion points in Build 35 can be assigned for unmatched sequences when they are flanked by anchored neighboring alignments. In total, we are able to assign putative insertion coordinates for 4,536 unmatched fragments into Build 35 (corresponding to 10,469,693 bp; Fig. 2 and Supplementary Table 4) .
We used BLAT to compare R27c unmatched sequences to the chimpanzee assembly (NCBI Build 1) and identified 888 fragments This category contains sequences that are present in both assemblies but that have additional copies in one of the assemblies. Here we focus on regions 41 kb in size for which the additional copy has at least 98% identity. These sequences are candidates for copy number variation. (e) Inversions are sequences that appear in different orientation in the two assemblies. (f) Gaps are sequences represented by Ns. These can be aligned either to sequence or to gaps in the other assembly. covering 1,713,610 bp with a high identity match (496% identity over 50% of the query). As these sequences have been identified both in humans and chimpanzees, they should represent either insertion or deletion polymorphisms or sequences missing in the reference genome. Next, we analyzed unmatched sequences in comparison with known genes. We found 903 RefSeq 15 genes that contained insertion points for the R27c unmatched sequence. In a separate analysis, we aligned all RefSeq mRNAs to both assemblies and identified 26 human mRNAs with 450 bp of coding sequence present in R27c but missing in Build 35 (some of these mRNAs spanned or extended into gaps, whereas other sequences were simply not present) (Supplementary Table 6 ) and obtained the expected results.
Copy 16 , but this approach does not assign an insertion point in the assembly for the additional copies. We identified 419 copy-unmatched fragments, which had an average size of 8.6 kb. Of these, we were able to assign an insertion point for 287 fragments. We also compared the copyunmatched fragments with the regions previously detected by shotgun read depth analysis, and 63% overlapped.
The last two classes included inversions and gap sequences. We detected 47 intrascaffold inversions, and two entire scaffolds were in inverse orientation in R27c. Gaps are regions that contain Ns in the query sequence. Defining this class was necessary for sequence accounting but was not relevant for variation studies.
To validate computational predictions and test for polymorphism, we performed PCR analysis, quantitative real-time PCR or FISH. Initially, we selected 49 regions (38 unmatched regions, six inversions and five copy-unmatched regions; see Methods and Supplementary Table 6 ). We performed PCR for unmatched and inversion regions on a panel of 12 controls from CEPH pedigrees. We tested copy-unmatched regions by quantitative PCR on a panel of 48 controls. We found that 17 of 38 (45%) unmatched regions, one of six (17%) inversions and two of five (40%) copy-unmatched regions were polymorphic (a total of 20 of 49, or 41%), with one allele supporting each assembly. For 19 of 38 (50%) unmatched regions, the unmatched sequence was found in each sample tested. Of these, three extend into gaps in the reference assembly. For the two remaining unmatched fragments, we detected only the Build 35 sequence, indicating that these represent rare variants, R27c assembly errors or alignment artifacts. For six regions where the unmatched sequence was present in all individuals tested, we examined the genomic clone used by the IHGSC to generate the reference sequence. In three of six cases, we detected the unmatched sequence, indicating that absence in Build 35 was likely to be due to cloning or assembly problems. We performed FISH on three individuals using fosmid clones whose ends mapped within unmatched regions. We tested four types of regions: (i) 11 unmatched fragments with a location assigned in R27c, (ii) 21 fragments mapping to different chromosome locations in R27c and Build 35, (iii) six unanchored scaffolds with no coordinates assigned in either assembly and (iv) three scaffolds of uncertain orientation in R27c. Representative results for the first three categories are shown in Figure 3 , and detailed results are summarized in Supplementary Table 7 . The FISH analysis confirmed the expected mapping for seven fragments corresponding to Build 35 assembly gaps and two fragments corresponding to regions in which no gap is currently present in Build 35 (Fig. 3a-c) . All FISH results for sequences assigned to different chromosomes in the two assemblies and for those with no coordinates assigned showed hybridization to multiple locations (Fig. 3d-f) , often including centromere regions. The majority of these also demonstrated differences either in intensity or localization of hybridization signals between individuals. We experimentally verified that three scaffolds of uncertain orientation in R27c supported the orientation in Build 35 (Supplementary Table 7) .
We further assessed putative variants between assemblies by comparison with other data sources ( Supplementary Tables 8 and 9 ). First, we found 1,521,291 of 1,591,291 (95.6%) single-nucleotide mismatches to be present in dbSNP; 840,802 of these were Celerabased SNPs, whereas the others were from different projects. We compared the unmatched and copy-unmatched categories with entries in the Database of Genomic Variants 17 . We found 331 CNVs to contain insertion points for unmatched regions and 55 CNVs with insertion points for copy-unmatched regions. Limiting the analysis to unmatched and copy-unmatched fragments 410 kb yielded support for 53 CNVs. Using data from ref. 18 , we correlated the 913 CNVs detected by the whole-genome tile path clone array with unmatched and copy-unmatched sequences. We found a significant correlation, with 254 CNVs overlapping unmatched insertion points and 74 CNVs overlapping copy-unmatched sequences (P o 0.0001 for both). Of these, 88 unmatched and 13 copy-unmatched regions were 410 kb, indicating that they may explain the CNV detected. We also assessed the overlap with variants identified by the fosmid end-pair mapping approach and found support for 23 insertions identified in ref. 3. Comparison of the entire unmatched data set (including those with repeat content 495%) with the dbRIP retrotransposon polymorphism database 19 yielded support for another 54 polymorphic regions, all of which corresponded to single short interspersed nuclear elements (SINE) or long interspersed nuclear elements (LINE). We compared the 49 inversions with entries in the Database of Genomic Variants 17 ; 12 corresponded to previously identified inversion polymorphisms.
A total of 3,246,015 bp of R27c sequence extended into Build 35 gaps and 1,110/4,536 (24.5%) unmatched fragments and 174/287 (60.6%) copy-unmatched sequences had insertion points in annotated segmental duplications. We also noted a strong association of insertions with segmental duplications for regions detected by the fosmidend mapping approach 3 .
Alternate sequence assemblies have been created previously for specific subregions of the human genome [20] [21] [22] , facilitating the understanding of chromosome architecture. The results presented here confirm that whole-genome assembly comparison is the most sensitive way of identifying all types of genetic variation and that there is no limit to the size of the variants found. We provide experimental evidence that 440% of predicted unmatched regions can be confirmed experimentally and that many others correspond to known variable regions. As the current study is limited to two genome assemblies, most genetic variants will be presented by the major allele. Even the most conservative extrapolations, therefore, suggest that significantly more variation exists between humans than was previously estimated 4, 5 . Moreover, we show that alternate assemblies can be used to contribute to the generation of a more complete reference sequence.
As an era of personalized sequencing approaches [23] [24] [25] , our results emphasize that developing effective strategies for extracting the most relevant data will rely on a comprehensive understanding of the content of both test and comparator sequences.
METHODS
Assemblies and alignment algorithm. Build 35 sequences were downloaded from NCBI. Sequences for the R27c assembly were obtained from Celera but are also publicly available from NCBI with accession number AADB02000000. For detailed information on the Genome Comparison Algorithm, see Supplementary Methods. Briefly, chromosome sequence assemblies from NCBI Build 35 were compared with all scaffold sequences from R27c using MegaBLAST 12 . The resulting alignments were converted to GFF3 format, recording detailed alignment information. GFF3 records were sorted by raw score. A greedy algorithm applied to the GFF3 records preferentially selected optimal alignments (that is, alignments with the highest raw score), eliminated suboptimal alignments and created a nonredundant set of nonoverlapping alignments by cutting GFF3 alignment records. Unmatched sequence was determined by identifying intervening sequence between alignment records. Copy-unmatched sequence was determined by searching among suboptimal alignments for sequence already matched in one assembly, but not the other, using a cutoff of 1 kb in length and 498% sequence identity. Inversions were determined by identifying alignments whose orientation was different than adjacent alignments. The complete data set is available upon request. 26 , and whole-genome shotgun sequence detection (WSSD) regions and gap coordinates were downloaded from the UCSC Human Genome Browser 27 . The repeat content of unmatched sequences was determined using RepeatMasker (A.F.A. Smit, R. Hubley & P. Green, Institute for Systems Biology, Seattle; see http://www.repeatmasker.org). Detailed information regarding the genomic feature overlap analyses is given in Supplementary Methods.
PCR reactions. PCR experiments were designed as previously described for unmatched regions 3 and inversions 28 , with reagents and optimization criteria as in ref. 28 . In order to enrich for potential polymorphisms and simplify experimental design, a number of selection criteria were applied for identification of candidate regions. Regions chosen for experimental validation were all intrascaffold sequences, with o50% repeat content and o50% repeat content in the 1 kb on each side flanking the insertion point. Regions where other assembly differences mapped immediately adjacent to the insertion point in Build 35 were also avoided. See Supplementary Table 6 for primer sequences.
Quantitative PCR. Variability in copy number in copy-unmatched regions was tested by quantitative real-time PCR, using probes from the Human Universal Probe Library (Roche Diagnostics). The change in copy number was calculated as previously described 29 . DNA from a total of 48 unrelated HapMap individuals of European ancestry was used to assess the existence of variability in copy number. We used 20 ng of total DNA in each of two replicates. Replicates with a variation coefficient over 4% were discarded. The myoglobin B IX gene was used as the reference for the relative quantifications. See Supplementary Table 6 for primer sequences.
FISH and probe selection. Fosmid clones were used as probes for FISH experiments. Fosmid end-sequences from NCBI (ftp://ftp.ncbi.nih.gov/ genomes/H_sapiens/FOSMIDS/) were downloaded and aligned to the R27c and Build 35 genome assemblies using BLAT. Best unique matches were retrieved, and fosmids that mapped only to the Celera genome, fosmids with discrepancies in span size between assemblies and fosmids with best reciprocal matches found on different chromosomes were all recorded and compared with the GCA output. All FISH experiments were performed on three samples using standard protocols as described previously 17, 28, 30 . Five to ten selected metaphases were examined using fluorescence microscopy, analyzed and imaged. Three-color interphase FISH for inversion testing was performed as previously described 30 .
Note: Supplementary information is available on the Nature Genetics website.
